Abstract: Micro free piston swing engine (MFPSE) was designed to provide mechanical power for portable power generation systems. For the problems of heat transfer and leakage of MFPSE, the micro engine can't continually work. In this paper, the mathematical model of MFPSE, including dynamic model, thermodynamic model, heat transfer model and leakage model, was established. Numerical simulations were executed by comparing to without leakage and heat transfer. The results manifest that: (1) work cycle of the center swing is lengthened, and compression ratio and generator capacity of MFPSE decrease; (2) the maximum pressure of combustion chamber appreciably decrease with the clearance of the body-center swing increasing; (3) when the clearance is more than 5µm, compression ratio of combustion chamber can't meet the design requirements. It results in the MFPSE combustion that can't work effectively. Consequently, this research provides guidance for further improving the design and promoting practical use of the MFPSE.
INTRODUCTION
In the past decades, the continuously emerging micro-electro-mechanic systems (MEMS) give rise to an increasing demand for micro power generation systems. Because hydrocarbon fuels have much higher energy densities compared to electrochemical batteries, several types of micro power generation devices have been proposed and attracted extensive attention, such as the micro gas turbine engine (Waitz,1998) , the micro rotary engine (Fu,2001) , the micro free piston engine (Aichlmayr,2003) , the micro internal combustion swing engine (Werner,2002) .
In practice, the concept of micro internal combustion swing engine (MICSE), with a four-stroke cycle, was proposed and studied by MIJIT (Kudijiang,2000) . After that, the concept of micro free piston swing engine (MFPSE), with a two-stroke cycle, was proposed and studied by Zhang and Wang(2003) . But in principle, both MICSE and MFPSE belong to the swing engine, where the oscillating movement of the swing arm is rotational instead of linear as in most cases. However, it is very clear that structure, time control method and working process of the MFPSE are different from those of the MICSE, though they have a similar appearance . This results in different characteristics and performance. Therefore, the research of this paper focuses on the twostroke MFPSE.
Because the only moving part in the MFPSE is the center swing, which serves simultaneously as the sealing wall between chambers and as the mechanical energy-extracting component, its dynamic performance determines the power performance of MFPSE. Some researchers developed correspondingly works. Zhang designed the porting parameters of MFPSE by numerical analysis and the optimal design (Zhang,2014) . Guo studied the motion analysis and transient dynamic performance of the MFPSE (Guo,2009) . Results manifested that stress existed near the center swing and that friction between the body and the center swing can occurs. The equivalent stress of center swing under gas pressure and thermal load was investigated (Zhu,2014) . In order to research the essential dynamic performance of MFPSE, the heat transfer and leakage cases were neglected (Zhang,2009) . However, it is discovered after long work time that the surface of relative motion components of MFPSE has seriously wear or glue together phenomenon (Guo,2013) . It is evident that heat transfer and leakage between the adjacent chambers are main factors that result in the discontinuous operation of the MFPSE.
In practice, the problems of heat transfer and leakage were inevitable during the engine operating process. For traditional engine, conduction heat loss of combustion chamber walls was generally neglected because it is a little of the total power loss (Ren,2017) . However, due to effects of scale-down and heat transfer, as the combustion chamber is reduced, the large surface-to-volume ratio increases the surface heat loss; flame instability, extinction, even quenching occur easily at micro-scale combustion chamber (Hua,2005) . Therefore, heat loss for micro internal combustion engine can't be neglected.
In addition, because of the accuracy of fabricate and assembly, the friction and wear problems existed, it is very clear that there is the clearance between the center swing and the body of MFPSE. Consequently, the leakage of mixture gas is inevitable at the clearance of MFPSE and it will decrease the power and economy performance of the micro engine. Moreover, problems reported in the literatures mainly concentrate on structure design and fabrication, motion and dynamic performance analysis of the MFPSE. Therefore, in this work, the effects of heat transfer and leakage on the performance of MFPSE are investigated by numerical simulation. This will provides theory guidance for further improving the design and research of the MFPSE.
MATHEMATICAL MODELS OF MFPSE

Structure and Working Principle of MFPSE
The MFPSE, with simple structure and variable compression ratio, is a two-stroke cycle micro internal combustion swing engine device that can convert fuel chemical energy into mechanical power. A schematic diagram of the MFPSE is shown in Figure 1 . A swing arm, named center swing, is installed in the center of the cavity in a single base structure, dividing the cavity into four chambers. The upper two chambers, labeled combustion chamber A and combustion chamber B, serve as combustion chambers; the lower two chambers, labeled scavenge chamber C and scavenge chamber D, serve as pre-compression for the fresh charge. At the same time, mixture gas is pre-compressed in scavenge chamber and then enters into combustion chamber by scavenge port. Mixture gas and fuel are compressed and ignited in combustion chamber.
The working principle as follows: suppose that combustion chamber A is at the beginning of combustion process; scavenge port C and exhaust port A are closed by the center swing. When the compressed mixture of combustion chamber A is ignited by a spark plug, the center swing will be pushed toward the bottom of combustion chamber A. At the same time, the combustion chamber B is at the beginning of compression process; scavenge port D and exhaust port B are opened, the scavenging process takes place and the fresh charge sweeps the burnt gasses out from it. In the mean time, scavenge chamber C is at the beginning of the precompression process, and the reed valve will be closed at once; the pressure of mixture inside it will increase as the center swing moves clockwise. When scavenge chamber D is at the beginning of the pre-intake process, the reed valve will be opened by the vacuum formed in it as the center swing moves clockwise. When the center swing swings clockwise to the beginning position of combustion process for the combustion chamber B, combustion chamber B will begin its combustion process as for combustion chamber A. Then the combustion chambers A and B will repeat their stroke cycles by turn and the oscillating mechanical power can be extracted from the output shaft continuously. 
Dynamic Model of MFPSE
For the MFPSE, each chamber is the only work state when the center swing motion repeats their stroke cycles by turn. Therefore, assuming that:(1) the combustion chamber A is undertaking a power stroke; (2) combustion chamber B is on the compression stroke;(3)scavenge chamber C is pre-compression stroke; and (4)scavenge chamber D is intake stroke; the moving direction of center swing and the forces exerted on it are shown in Figure 2 . According to Newton's second law, dynamic equation of the center swing can be expressed as :
Where A P , B P , C P and D P are the pressures of combustion chamber A, combustion chamber B, scavenge chamber C and scavenge chamber D, respectively; R A and R L are the arm area of the center swing and the distance between equivalent driving force acting points on the center swing and the center axis at the side of the combustion chambers, respectively; s A and s L are the arm area of the center swing and the distance between equivalent driving force acting points on the center swing and the center swing axis at the side of scavenge chambers, respectively; I is the moment of inertia of the center swing assembly, and the external load will also be included in this term;  is the angular of rotor (or swing angular); r T is the external torque acting on center swing. It can be expressed as:
Where e T represents the electromagnetic resistant torque when generating electronic power; f T is the friction resistant torque.
According to the electric power generating theory, the electromagnetic resistant torque can be expressed as:
Where B is the magnetic field intensity; L is the length of the generator coil; g r is the rotor radius of electric generator;   is the angular velocity of rotor(or center swing); l R is the electrical load of generator.
Substituting Eqs. (2) and (3) into Eq. (1), then the dynamic model of MFPSE will become: (4), if all chambers' pressures are determined for any instant of time t and the geometric parameters of system are also known, then the swing angular and swing angular velocity of center swing can be calculated for a given generator.
Thermodynamic Model of MFPSE
Thermodynamic system of the MFPSE is an open system because intake or exhaust processes have mass flows into or out of the controlled volume. Base on the first law of thermodynamics for an open system and the ideal gas law, the temperature derivative and the pressure derivative of the controlled volume can be expressed as:
Where R is the mixture gas constant of the control volume; T stands for the mean mixture temperature inside controlled volume; P is the pressure inside control volume; v C is the specific heat under constant volume; b x is the mass fraction burned; m is the total mass inside the controlled volume; V represents the volume of mixture; w Q  is the heat transfer loss that cross system boundary; i m and i h are the mass and specific enthalpy of flows into or out of the controlled volume, respectively. Subscripts b and u denote the burned gas and unburned gas, respectively; subscript i denotes the species in the mixture gas, i.e. H2O、CO2、O2、N2 and fuel.
Once all terms on the right hand sides of Eqs.(5) and (6) are known, through recursively applying these equations to each individual process of the MFPSE, the temperatures and pressures of the working fluid inside each chamber can be determined for any instant of time.
In Eqs. (5) and (6), effect of leakage from the adjacent chambers has to be taken into account. It is simply because the sealing problem still remains one of the most challenging issues in the development of MFPSE. Additionally, the effect of heat transfer between the body and the working fluid should also be taken into account. With geometric dimension in micro scale engine decrease, surface-to-volume ratio increases heat transfer loss.
The main purpose of this paper is to research the actual performance of MFPSE. Consequently, it is necessary that effects of leakage and heat transfer of MFPSE should be taken into account in Eqs. (5) and (6).
Heat Transfer Model of MFPSE
Generally, heat transfer is divided into conduction, convection and radiation and affects engine performance ，efficiency and emissions. In internal combustion engine, throughout each engine operating cycle, the heat transfer takes place under conditions of varying gas pressure and temperature. In micro engine, convection heat transfer is mainly heat loss and has the great difference in combustion chamber and scavenge chamber, so heat loss is calculated in two types of chambers, respectively. Consequently, according to Newton's second law in heat transfer, heat loss of combustion chamber in unit time is be expressed as ) ( T is the mean wall temperature; subscript 3 , 2 , 1  i denotes the surface area parameters of the front cover and the back cover, the side area of center swing, the inner surface area of body, respectively. In Eq.(7), because heat loss of combustion chambers has great difference when g  is calculated by using different methods, so the instantaneous mean heat-transfer coefficient in this paper is calculated by making generally use of the Zhufangjun formation in combustion chamber of internal combustion engine. It is expressed as
Where b is an additional coefficient when the pressure of combustion chamber rapidly increasing. Then,
, here max P is the maximum pressure of combustion chamber.
The heat transfer loss computed in Eq. (7) is only suitable for combustion chamber. However, except for two combustion chambers in the MFPSE, there are two scavenge chambers that can finish mixture gas intake and pre-compression strokes. Because the temperature and pressure of scavenge chamber have little change than those of combustion chamber, the heat loss of scavenge chambers is mainly convection heat transfer. The heat loss in unit time can be expressed as ) (
Where, sc A is the heat transfer surface area of scavenge chamber; c h is the convection heat transfer coefficient.
Leakage Model of MFPSE
The leakage of MFPSE is due to clearance between the center swing and the body. The mass loss due to leakage can be calculated by assuming that leakage is quasi-one-dimensional isentropic flow; that burnt and unburned gases are perfectly mixed in the chambers. The mass flow rates due to leakage are given B is the spare height of the scavenge chamber;  is the radial clearance between the center swing and the body; the thickness of the body is 16mm. Values of all geometric parameters mentioned above are given in Table 1 . The initial state of each chamber is defined as the state when the angular velocity of center swing is zero. The initial simulation conditions are given in Table 2 . 
SIMULATION RESULTS AND DISCUSSION
Simulation models of the MFPSE established in section 2 are computed by Matlab7.0. The actual performance of MFPSE is studied by taking account of effects of heat transfer and leakage clearance variable in combustion chamber and scavenge chamber.
Effect of Heat Transfer on the Performance of MFPSE
In order to study the effect of heat transfer on the performance of MFPSE, the simulation results of "adiabat" and "heat transfer" cases in a steady cycle are compared and give a similar prediction results in Figure4 In Figure4 a) and b), the temperature and pressure in scavenge chamber are slightly affected by heat transfer. However, in combustion chamber, the maximum temperature of adiabatic case is more 173K than that of heat transfer case. The temperature of "adiabat" is more than that of "heat transfer" before the free exhaust process, but the temperature of two cases is contrary after that process because the area of exhaust port is opened not instantly but little by little. The pressure of "adiabat" case is higher than that of "heat transfer" case before the maximum combustion pressure. The maximum combustion pressure difference of two cases is 0.09MP. In brief, due to effect of heat transfer, the temperature and pressure of combustion chamber have a drop, but those of scavenge chamber are basically unchanged.
It is shown in Figure4 c) and d) that the maximum swing angular and swing angular velocity of center swing of heat transfer case have a drop of 5% and 10% compared to the adiabatic case, respectively. At the same time, work cycle of the former is slightly longer than that of the latter. Then it will result in drops of the compression ratio and generator power of MFPSE because of heat transfer between the body surface and the work fluid.
Effect of Leakage on the Performance of MFPSE
For the MFPSE, the radial clearance between the center swing and the body plays critical role in the mass loss due to leakage. Then the section of this paper mainly studies the clearance variable for the effect of the performance of MFPSE. It is shown in Figure5 that the performance of MFPSE is affected by the clearance, where clearance denotes no-leakage case in which the simulation results in a steady cycle are computed by neglecting heat transfer and leakage in reference. It is shown in Figure5 a) that the temperature of scavenge chamber is almost unaffected by leakage clearance variable. However, with the radial clearance between the center swing and the body increased, the temperature of combustion chamber slightly decrease during compression process, but are almost unaffected during expansion and exhaust processes.
It is shown in Figure5 b) that the maximum pressure of scavenge chamber is almost unaffected by leakage. However, with the radial clearance increased, the maximum pressure of combustion chamber has a drop in the end of compression stroke 43.2%and in expansion stroke 29.5%, respectively. It is well known that the maximum pressure drop will lead to considerable effect for the generator power of MFPSE. For the MFPSE, the compression ratio of the combustion chamber designed is more than 3.5 . When the radial clearance is more than 5µm, the compression ratio of the combustion chamber is less than 3.5 and can't meet the design requirement. Consequently, it will result in the combustion process that can't work effectively.
It is shown in Figure5 c) and d) that, as the clearance compares to , the maximum swing angular and swing angular velocity of center swing have a drop 10% and 26%, respectively. At the same time, with the radial clearance increased, work cycle of the center swing is little by little lengthened. Therefore, it will result in drops in the compression ratio and generator power of MFPSE due to the leakage clearance increasing.
CONCLUSION
In this paper, through studying the effects of convection heat transfer and leakage clearance variable for the performance of MFPSE, the following conclusions can be drawn from the investigations:
(1) The mathematical model of MFPSE, including dynamic model, thermodynamic model, heat transfer model and leakage model, is established. The temperature and the pressure of each chamber are solved by using the thermodynamics systems.
(2) For the MFPSE, in scavenge chambers, the temperature and pressure variable due to heat transfer and leakage can be neglected; in combustion chambers, the temperature due to heat transfer is slightly affected, but the pressure due to heat transfer and leakage obviously decrease. Moreover, work cycle of heat transfer and leakage cases is longer than that of adiabatic and without leakage cases. This can result in drops in the compression ratio and generator power of MFPSE.
(3) With the increase of the radial clearance between the center swing and the body, the pressure of combustion chamber distinctly decreased. When the radial clearance is more than 5µm, the compression ratio of combustion chambers can't meet the design requirements of MFPSE. Consequently, it leads to the MFPSE that can't work effectively.
